Personal Electric Vehicles can leverage reconfigurability to allow better matching of their performance to the application environments. We are currently examining creation of a Computer-Aided Engineering environment that facilitates systematic and quantitative design refinement of such reconfigurable Personal Electric Vehicles.
Motivation
The Personal Electric Vehicle (PEV) paradigm has generated significant interest from multiple perspectives. They offer an innovative consumer product that fits into a niche market place for urban transport. These offer the prospect of improved efficiency by taking advantage of significant weight reduction, and use of new technologies (in-wheel electric motors, batteries). However, technological limitations preclude a simplistic drop-in replacement for the conventional combustion engine and drive train architecture. These challenges are even more pronounced for man-portable PEVs that could be used in sidewalks, malls, and on occasion on the local city streets.
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On the sidewalks/malls, requirements include low-speed travel (5-10 mph), high maneuverability with a small footprint whereas, on the city streets, higher travel speeds (30-40 mph), improved stability and aerodynamics become necessary. One approach to accommodating both sets of requirements is via a reconfigurable design that can adjust selected parameters and allow for its performance modulation. From a perspective of simplicity, we focus our attention on a batterypowered three-wheeled electric vehicle, inspired by the conceptual design by Alan Fratoni. A three-wheeled vehicle design allows for a smaller footprint, lower weight, drag and manufacturing costs compared to a four-wheeled vehicle. At the same time, the tripod support guarantees static stability, without the need for dynamic balance seen in two-wheeled vehicles. We seek to quantitatively evaluate three-wheeled designs, including its capability for reconfiguration in order to match its performance to desired application. The performance criteria can be specified using many factors. In this work, we will consider static stability, dynamic stability and aerodynamic drag. However, economic viability of PEVs for everyday use, 2 or analyzing its acceptance for human transportation 3 are beyond the scope of our work.
Background
The architectural layout of the wheels with respect to the chassis has permitted researchers to distinguish between unicycle-based design, 4 in-line & in-parallel bi-wheel designs, 15 tricycle designs 12, 16 or the more conventional four-wheel designs.
13,14 Alternatively, PEVs have been categorized into stand-up scooters, seated cycles, mobility scooters by Ulrich.
7 Similarly, the notion of reconfigurability within the chassis is also not new. Wu & Lin developed a model of a reconfigurable two-wheeled vehicle (folding bicycle) named Union. 5 Another example is the HIRIKO 6 (the MIT City Car) which can switch between a non-operating collapsed position and the operating mode. However, interest in systematically studying three-wheeled architecture, including vehicle dynamics, 8 passenger-vehicle handling and stability 9 is quite recent. In the case of tilting three-wheeled vehicles, the number of tilting wheels offers one possibility for classification.
10 Alternatively, another possible classification is to distinguish the type of tilting system. 12,16 Steering Tilt Control (STC) provides the dynamics behavior of a motorcycle at high speed but is unstable at low speed or even at standstill. Direct Tilt Control (DTC) guarantees stability at every speed, but tends to perform poorly at high speed. Some vehicles were tested to synchronize those two modes but with limited success. 
Case study
We envisage a flexible design of our three-wheeled vehicle with twooperating modes and one non-operating mode as shown in Figure 1 . In the first operating mode (shown in Fig. 1b) , the driver leans forward prone on her/his belly as in a tilting motorcycle; the second operating mode (as shown in Fig. 1c) is with the driver seated and the non-operating mode (in Fig. 1d ) is the compact collapsed position, like an umbrella stroller. In order to realize the dynamic behavior of a motorcycle, some further constraints need to be placed on the design. The two front wheels are almost parallel and in our model the front legs remain in the same plane, even when leaning in turns. A tilting mechanism needs to be incorporated, either as a passive spring damper mechanism or via active control, to prevent the vehicle from rolling over in turns. A compliant mechanical linkage within the chassis now allows for tilting into turns like a motorcycle but now adds additional degrees of freedom (that need to be controlled). In this paper, we focus on assessing the link between the vehicle performances and the reconfigurable architecture using three different aspects. Fully exploiting the new capabilities endowed by additional interval of these reconfigurable degrees of freedom requires careful design, analysis and ultimately control and is best done within a quantitative framework. Specifically, we are pursuing these design-refinement/virtual prototyping efforts within a Computer Aided Engineering environment that leverages Solidworks, SimMechanics and the Matlab Optimization toolbox.
Modeling and simulation
Solidworks can be used as dynamic simulation software by using its Motion Analysis add-in. This add-in feature allows the performance of motionstudies by actuating selected joints within the system. Although the measurement and analysis capability provided by the add-in is very limited, Solidworks nevertheless remains an invaluable tool to generate 3-D parametric models of components and assemblies and for proof of concept simulations. We then examine the process of exporting the created model from Solidworks to a couple of alternate analysis modules (SimMechanics and ADAMS) to aid a more in-depth analysis (as shown in Fig. 3 ). Figures 4 Fig. 3 . Solidworks model serving as the starting point for creation of SimMechanics and ADAMS models. and 5 illustrate the results based on our preliminary simulation and analysis studies of three wheeled vehicles. A more comprehensive numerical validation of such reconfigurable systems is a part of our future work. 
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